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Abstract 
The  force  resulting  from  a  position-dependent  sequence  of  interactions  with  short  counter-propagating  n--pulses  of  laser 
radiation  can  propel  atoms  towards  the  small  region  where  the  pulses  overlap.  The  optical  trap  thus  formed  may  be  combined 
with  Doppler-cooling  laser  beams. 
1.  Introduction 
The  trapping  and  cooling  of  atomic  and  ionic  sam- 
ples  are  now  established  techniques  in  high  resolution 
spectroscopy.  Laser  cooling  methods  [ 1  ] require  only 
the  illumination  of  the  sample  with  suitable  beams  of 
light,  and  allow  the  thermal  motion  of  the  atoms  to 
be  essentially  eliminated,  reducing  the  Doppler  shift 
and  increasing  the  time  for  which  an  atom  may  be ob- 
served.  Electromagnetic  trapping  schemes  [ 21  mean- 
while  confine  the  sample  from  preparation  through 
to  measurement  but  use  (quasi-)static  electric  and 
magnetic  fields,  requiring  the  presence  near  the  sam- 
ple  of pole  pieces  and  electrodes,  and  incurring  Stark 
and  Zeeman  shifts  and  splittings.  Whilst  a  trap  hav- 
ing  the  simple  convenience  of  laser  cooling  would 
be  highly  desirable,  stable  confinement  using  just  the 
strong  scattering  force  of  a  steady  light  field  may  be 
shown  to be  impossible  [ 31.  Optical  traps,  as opposed 
to  molasses,  therefore  use  Zeeman-tuning  [4]  or  op- 
tical  pumping  [ 51 to introduce  an  additional  position- 
dependence,  or work  with  the  weaker  optical  gradient 
(dipole)  force  [ 61. 
1  Present  address:  Physical  Chemistry  Laboratory,  Oxford  Uni- 
versity,  South  Parks  Road,  Oxford  OX1  3QZ,  UK. 
In  this  paper,  we  propose  an  alternative  scheme  in 
which  counter-propagating  beams  of  short  pulses  of 
light,  as  from  a  mode-locked  laser,  are  used  to  pro- 
vide  a  position-dependent  scattering  force  towards  a 
volume  where  the pulses  meet.  Stable  confinement  us- 
ing  the  strong  scattering  force  of a resonant  laser  field 
is  possible  because  the  interaction  -  like  that  in  the 
Paul  trap  -  is  time-dependent.  Whereas  the  instanta- 
neous  fields  of  the  Paul  trap  are  themselves  position- 
dependent,  however,  the  force  described  here  depends 
fundamentally  upon  the temporal  variation  of the  laser 
pulses,  and  derives  not  only  from  the  instantaneous 
field,  but  also  from  the  history  of  the  light  fields  and 
the  atom  thereby  prepared.  Because  of the  finite  speed 
of  light  this  leads  to  a  position-dependent  potential, 
which  is  thus  determined  by  the  spatial  variation,  in 
the  direction  of propagation,  of the  light  pulses  them- 
selves. 
2.  Principle  of operation 
The  principle  of  our  confinement  scheme  is  as  fol- 
lows.  The  atomic  sample  is  irradiated  from  two  op- 
posite  directions  by  a stream  of  pulses  from  a mode- 
locked  laser,  perhaps  with  a typical  duration  of  a pi- 
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cosecond  and a repetition  rate of order  lo-100  MHz, 
and tuned to an atomic  transition.  Each pulse is a so- 
called  %-“-pulse,  meaning  that the probability  of ab- 
sorption  (or  of stimulating  emission  from the excited 
atom)  is unity, and the beams are arranged  so that at 
the centre  of  the  sample  region,  two  pulses  will  ar- 
rive  simultaneously  2 . For  an  atom  displaced  some- 
what from the trap centre, however, the two pulses will 
be  separated  in time:  the  atom  will  first be excited, 
by  a pulse  whose  absorbed  momentum  will direct  it 
towards  the centre;  in contrast,  the second,  counter- 
propagating,  Ir-pulse will stimulate the emission from 
the  excited  atom  of  a photon  in the  opposite  direc- 
tion to that initially  absorbed.  The two pulses accord- 
ingly leave the atom in its initial, unexcited  state, but 
with two units of photon momentum  towards the cen- 
tre of the trap, whilst a photon  from  the first pulse is 
scattered  into  the second,  counter-propagating  beam. 
The  force  is therefore  position  dependent,  unlike the 
Doppler-cooling  force  which depends upon the veloc- 
ity of the atom; indeed, the broad spectral width of the 
short light pulses ensures that Doppler-cooiing  cannot 
here occur. 
With non+r-pulses,  and hence  non-unity  transition 
probability,  a smaller  restoring  force  will still on av- 
erage be produced  (although  with higher intensities  a 
stronger  force  may  exist  near  the centre).  The  atom 
may be Ieft, after the passage of the two pulses, in the 
excited  state,  in which  case  the  next pulse-pair  will 
have a negative,  repelling  effect.  if,  however, the pe- 
riod between  successive  pulses is greater than the life- 
time  of  the excited  state,  spontaneous  emission  will 
ensure  that the atom enters  each  cycle  in the ground 
state,  as required.  This  condition,  that atomic coher- 
ence  is lost  between  successive  pulses,  requires  that 
the mode-spacing  of the pulsed laser be less than the 
spectral width of the atomic transition, and hence that 
no  velocity-selective  effects  may  occur.  The  maxi- 
mum  acceleration  is  thus  limited  to  that  with  satu- 
rated Doppler  cooling.  Spontaneous  emission  will, of 
course,  lead to heating of the atomic  sample. 
Within the region of overlap of the two pulses, per- 
haps a millimetre  thick,  the process  is also less well 
defined. The mounter-propagating pulses will interfere 
2A number  of  schemes  have  been  suggested  for  deflecting  or 
cooling  atoms using  ~-pulses.  The interested  reader is referred  to 
Ref.  [?‘I. 
and the excitation  probability  may once  again depart 
from unity, whilst the directions  of photon  abso~tion 
and stimulated emission  are no longer unique.  Multi- 
photon  processes  (diffraction  of  atoms  by the stand- 
ing  wave)  and  spontaneous  emission  make  the  im- 
pulse of each pulse pair uncert~n.  Nonetheless,  ther- 
mal  motion  corresponds  to  many  times  the  impulse 
momentum  and the confinement  volume  will extend 
over many  optical  wavelengths,  so the stochastic  na- 
ture of the overlap-region  impulses may be wet1 repre- 
sented by averaged force and heating  terms for all but 
the slowest atoms. In the absence of additional cooling 
m~hanisms,  the heating  at the trap centre  will limit 
the time  for which atoms may be confined. 
3.  Analysis for a two-Ieve atom 
3.1,  Outside the trap centre 
Our analysis, for a two-level  system, first considers 
the  situation  away  from  the  trap  centre.  If  an  atom, 
initially  in state i, is illuminated  for  a time  t with ra- 
diation of intensity  I  which is resonant  with the tran- 
sition i -+ j,  then the probability  of excitation  to the 
state j,  neglecting  spontaneous  decay, is given by 
Pij = sin2 $, 
where  ~2  is the Rabi frequency  given by 
(1) 
(2) 
where h, gi,j and Aji are the wavelength,  degeneracies 
and probability  of the atomic transition. It follows  that 
a rectangular  ‘“~-pulse”, giving unity excitation  prob- 
ability, has an intensity  Z, and duration  t,  related  by 
(3) 
If the atom is sufficiently  displaced  (i.e.  >  $ctn) 
from the trap centre  for  the two counter-propagating 
pulses to be separated distinctly  in time, then the atom 
will receive, in one absorption and stimulated emission 
cycle,  the full impulse of two photon momenta 
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Consequently,  if the atomic  momentum  changes  by Ap 
with  each  pulse  from  the  laser,  the  force  experienced 
is 
states  may  also  be labelled  uniquely  and  more  usefully 
according  to  the  change  in  atomic  momentum  p: 
F  =  (2hlAl.L  (51 
where  f  is  the  pulse  repetition  frequency.  The  two- 
photon  recoil  velocity  urec = 2h/mA  follows  similarly 
from  Eq.  (4)  ; the  ratio  of  the  recoil  velocity  to  the 
r.m.s.  thermal  velocity  uh  =  Jm  is  typically  of 
order  10m4 for  visible  wavelengths  and  room  temper- 
ature. 
The  constant  force  outside  the  overlap  region  leads 
to a linearly  varying  potential,  whose  depth  is equal  to 
the  characteristic  thermal  energy  $kBT  at  a displace- 
ment  xii,  =  3kTA/2h  f,  which  is  typically  a  few  cen- 
timetres  at room  temperature. 
(g, n+  +  1, n-  -  1) . . .I  -  2) 
Je, n+,  n_  -  1).  . . ) -  1) 
lg,  n+,  n-)  . . . I 0) 
le,  n+  -  1, n_) . . . ) +  1) 
It5  n+  -  1, n-  +  1).  . . I +  2) 
e,  n+  -  2,  n_  +  1).  * . I +  3) 
3.2.  Within  the  overlap  region 
Outside  the overlap  region,  the atom  interacts  at any 
time  with  only  one  of  the  laser  beams,  and  after  the 
first pulse  has passed  there  is a unique  correspondence 
between  the  probability  of excitation  and  the  impulse 
received  by  the  atom.  If  the  first  pulse  is  an  exact  7r- 
pulse,  the overall  change  in  momentum  resulting  from 
an interaction  with  the pulse  pair  is then  defined.  In  the 
region  where  the  pulses  overlap,  however,  an  excited 
atom  could  have  absorbed  with  some  probability  from 
either  beam;  furthermore,  multi-photon  processes  are 
possible,  an  example  being  a double  excitation  from 
one  direction  separated  by  stimulated  emission  into 
the  opposite  beam,  yielding  a net  impulse  of  3lik. 
Tbe  interaction  Hamiltonian  for  an  atom  and  radiation 
field  may  be written,  in the  Schriidinger  representation 
and  subject  to the rotating-wave  approximation,  as  [ 91 
x  {&&eXp(ikSR)  -&iiexp(-ik*R)},  (6) 
The  deflection  of  an  atomic  beam  by  an  optical 
standing  wave  has  already  been  considered  in  much 
detail  [ 81, but  corresponds  to our  arrangement  only  at 
the centre  of the trap,  where  the  system  is symmetrical 
and  no  net  force  exists.  In  the  following  calculations, 
therefore,  we  permit  a relative  delay  between  the  two 
counter-propagating  pulses. 
where  V is the mode  volume,  Dij  is the  atomic  dipole 
matrix  element,  and  the radiation  field  components  are 
defined  by  their  wavevector  k,  frequency  Wk, and  po- 
larization  &  In  our  case,  we  have  two  atomic  levels 
]g)  and  le),  and  two  opposite  propagation  directions 
for  beams  of  wavevectors  k  and  -k,  whilst  we  rep- 
resent  the  two  light  fields  by  the  initial  photon  num- 
bers  rr+ (t  -  k  . R/w)  and n_ (t  +  k  . R/w)  for  the 
positive-  and  negative-travelling  pulses.  The  interac- 
tion  Hamiltonian  in  our case is therefore 
A 
?iso=ie  [a+.D,,{+t&+  e1k.R  _&i+e-ik.R} 
+&_.D,,  {~tic_e-ik.R_at_iieik.R}].  (71 
In  order  to  calculate  the  behaviour  within  the  We  note  that  this  electric-dipole  interaction  couples 
overlap  region,  we  use  a  bare-state  representation  of  only  states  involving  a  change  of  atomic  state  and  a 
the  atom  and  slowly-varying  radiation-field,  which  single  increment  or  decrement  of  one  of  the  photon 
we  label  according  to  the  atomic  state  g  or  e,  the  states.  In  the  momentum-labelled  notation,  then,  the 
photon  number  in  the  positive  propagation  direction  only  non-zero  matrix  elements  are  those  for  which 
n+  and  the  photon  number  in  the  negative  direction  Ap  =  f  1;  such  elements  belong  to  one  of  four  possi- 
n_.  Before  interaction,  the  system  state  will  thus  be  bilities,  depending  upon  the impulse  and  initial  atomic 
IgJr+(0Lu-(O)).  8 ince  the  total  momentum  is con-  state.  If  the  initial  state  is  the  ground  state  (p  even  in 
served  and  we  consider  only  a  two-level  atom,  the  our  notation),  then T.G.M.  Freegarde  et al. /Optics  Communications  I1 7 (1995)  262-267  265 
b + ~I~-IEDIP~~~~)  = i e 
x  EI+.Dge eik’R  n+(t  -  k.  Rfo)‘f2  (8) 
and  we note  that  tionh  ( t) /V  = I&(t)  /c,  where  I*(t) 
are  the  time-dependent  pulse  intensities.  Since  k . R 
will  usually  be  essentially  constant  during  the  interac- 
tion  with  the  pulse  pair,  we  may  now  make  the  trans- 
formation  1~‘)  =  Ip) exp ipk  - R  to  eliminate  these 
phase-factors  from  the  interaction  Hamiltonian,  and 
Eq.  8 becomes 
(P’ +  1 \~nn&n) 
ie 
=  (2eac)‘/2 
i?+.Dge IiJ2(t  -  k . R/w)  (9) 
and  for  Ap’  = -1, 
(P’ -  1 I~EDIPL) 
=  (2e;I)l,2  .6_‘Dge  Iy2(t  + k - R/w).  (10) 
Similarly,  if the  initial  state  is the  excited  state,  corre- 
sponding  to p’  being  odd, 
(P’ +  ~WEDIPLJ 
=-(2E;;)1/2  ~-.D,,d!2(t+k.R/w),  (11) 
(P’ -  ~WEDIP~,& 
ie 
=  -  (2EOC)‘/2 
d+.D,,  Z:i2(t-k  - R/w).  (12) 
In  order  to calculate  the  momentum  change  experi- 
enced  by  the  atom,  we  perform  numerical  integration 
of  the  Schrodinger  equation 
itLiT  =  (fin  +  iin  +  “riso)p,  (13) 
where  the  pure  electronic  and  radiation  field  terms 
(fin  +  ?in)?k  =  (Ea  +  &a)T,  represent  the  to- 
tal  energy  of  the  atom-field  system,  and  may 
be  set  to  zero.  Our  calculations  were  performed 
for  rectangular,  Gaussian  and  sech2  v-pulses  of 
equal  energy,  the  Gaussian  and  sech2  forms  be- 
ing  given  by  Z  =  21,  exp-(2fit/t,)2  and  Z  = 
(T2/4)Z,sech2[&t/(2t,)],  where  Z,  and  t,  are 
the  intensity  and  duration  of  the  rectangular  r-pulse, 
defined  in  Eq.  (3). 
Heisenberg’s  uncertainty  principle  prevents  us from 
measuring  a  single  photon  recoil  with  the  atom  lo- 
calized  to within  an  optical  wavelength.  We  therefore 
take  for  our  calculations  the  realistic  case  of  measur- 
ing  the  deflection  of  an  atomic  beam,  and  prepare  the 
atomic  sample  in  a  specific  momentum  state  whose 
spatial  distribution  is  broad  with  respect  to  the  laser 
wavelength.  Starting  from  an  initial  state  p  =  IO), we 
arrive  at a final  wavefunction 
T  = C  C,! Ip’)  =  C  C,I  emipkeR Ip),  (14) 
P’  Pl=P 
from  which  we  calculate  the  mean  impulse  P,  the 
rrns  breadth  of  the  impulse  distribution  AP,  and  the 
average  excitation  probability  E,  given  by 
(15) 
AP*  = c(  tikp’  -  P)‘)C,,)’  (16) 
, 
fJ=i;  C,.(p’)~=~  c 
p’=odd  p=p’=odd 
C,,  e-ipk’R  Jp) I2 
=  c  ICp~12,  (17) 
p’=odd 
where  the  replacement  in  the  final  stage  of  a  coher- 
ent  summation  by  an incoherent  summation  is allowed 
because  of the  broad  spatial  distribution.  Since  we  as- 
sume  that  an  atom  left  in  the  excited  state  will  de- 
cay  spontaneously  before  the  next  pulse  pair,  the  total 
width  of the  momentum  distribution  will  be  given  by 
APL  = AP2  +  (tik)*E,  (18) 
so  that  after  N  pulse  pairs,  the  momentum  distribu- 
tion  will  have  a  breadth  given  by  AP,,tN’/2.  This 
distribution  is  equivalent  to  heating  to  a  temperature 
T  =  APi,,,N/3mkn,  and  hence  to  a  heating  rate  of 
AP&J/2mkn  per  unit  time.  The  force  on  the  atom 
is given  by  P f. 
Our  calculated  curves,  showing  the mean  impulse  P 
and  the heating  term  APtotat in units  of fLk, as a function 
of  displacement  from  the  trap  centre,  are  shown  in 
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Fig.  I. (a)  Mean impulse P  and  (b)  the heating term APraai in units of MS,  against normalized displacement  from the trap centre measured 
in rect~gular  pulse h~f-wadis,  for three puke  shapes of equat energy. Accumulated errors  from the u~me~cal integmtion  axx around 2%. 
4.  Application 
The  usual experimentally-convenient  elements  are 
also suitablecandidates  here: the alkali metals Iithium, 
sodium,  potassium,  rubidium  and  caesium,  together 
with  barium  and  metastable  helium  and oxygen,  all 
have strong  transitions at accessible  wavelengths. For 
sodium, for example  [ lo],  a 4 picosecond  n=pulse has 
an intensity  around  1 MW cme2. 
Although  the process  described  thus far provides  a 
restoring  force  in only  one direction  - along the laser 
beam axis - it may be extended  to two dimensions  by 
interleaving  a second, pe~endicul~  pair of pulses; the 
linear relation between force  and displacement  around 
the centre makes such an ~angement  useful as a lens 
for  atomic  beams  (although  the performance  will be 
affected  by  the  heating  within  the  pulse-overlap  re- 
gion)  . Indeed,  a third pulse pair may be added to pro- 
vide three dimensional  confinement,  although because 
of  the  high  intensities  required,  only  relatively  cold 
atoms  will  be contained  within  the  small overlap  of 
the three  laser beams.  It should  be noted that,  whilst 
the  two  pulses  of  a  pair  need  not  strictly  counter- 
propagate  but  may  simply  converge,  a  geometry  of 
three,  triangul~ly-spaced  (or  four,  tetrah~rally  ar- 
ranged)  and simultaneous  pulses will provide  a force 
not  towards  the central  point,  but rather  towards  the 
three  (six)  li,nes of symmetry. 
Radiation-press~e  cooling  may be readily  applied 
to atoms  confined  in this way, for the two processes 
conflict only if the cooling  laser saturates the trapping 
transition and thereby  leaves population  in the excited 
state; in this case, it will be necessary  to turn off  the 
cooling for a period prior to each pulse of the confining 
laser. If  the transition  is unsaturated,  however,  or  if 
the cooling  process uses a different  atomic  transition, 
no problem  should  occur.  Similarly,  if  only  a  small 
fraction  of the atomic  distribution  is saturated  at any 
time,  the  average  effect  upon  the  confining  process 
may be neglected. 
The  linear  restoring  force  at  the  trap  centre  will 
cause slow atoms to oscillate  with a ch~acteristi~  fre- 
quency  (typically  IO  kHz) . If the bulk displacement  of 
the sample can be measured by monitoring  the relative 
attenuation  or ~plification  of  the laser  beams,  then 
introducing  a  relative  delay  between  the  two  beams 
should allow active control, or even stochastic cooling 
[ 111, of the sample. 
An  interesting  variation  is  afforded  by  the  phe- 
nomenon of adiabatic rapid passage,  whereby chirped 
pulses  invert the atomic  population.  The  experimen- 
tal ~~gement  in this case will resembie  that which 
Nebenzahl  [ 121 has  suggested  for  isotope-selective 
deflection, but the pulses will be short and there should 
be a delay at the sample of one pulse period  between 
the pulse and its reflection. 
Current atom traps tend to be shallow but can con- 
fine  atomic  samples  at  ever  lower  temperatures.  In 
contrast,  the confining  force  described  in this paper 
extends  along  the  axis  of  the  laser  beams,  yielding 
an extremely  deep  potential,  but produces  signifi~~t 
heating right at the trap centre.  Whereas conventional 
trapping schemes  are used for precision  atomic  spec- 
troscopy,  the  force  we  describe  might  be  of  greater T.C.M.  Freegarde  et al. /Optics  Communications I I7  (1995)  262-267  261 
interest  for  focussing  atomic  or  molecular  beams,  or 
even  for  manipulating  free  quasi-particles  in  the solid- 
state.  Where  most  traps  require  narrow-band  lasers 
and  sharp  atomic  transitions,  our  scheme  is  intrinsi- 
cally  broad-band.  Significant  laser  pulse  energies  are 
required,  but  the  proposed  scheme  allows  the  confine- 
ment  of neutral  species  without  the application  of elec- 
trostatic  or  magnetic  fields. 
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